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A b s t r a c t  
H igh-per fo rmance e l e c t r o t h e r m a l  t h r u s t e r s  
ope ra te  i n  a l ow  n o z z l e - t h r o a t  Reynolds number 
regime. Under these  c o n d i t i o n s ,  t h e  f l o w  boundary 
l a y e r  occup ies  a l a r g e  volume i n s i d e  t h e  nozz le ,  
c o n t r i b u t i n g  t o  l a r g e  v i scous  l osses .  Four nozz les  
( a  c o n i c a l ,  b e l l ,  t r umpe t ,  and m o d i f i e d  t rumpe t )  
and a sharp-edged o r i f i c e  were eva lua ted  over  a 
Reynolds number range o f  500 t o  9000 w i t h  unheated 
n i t r o g e n  and hydrogen. The nozz les  showed s l g n l f i -  
UY c a n t  decreases i n  s p e c i f i c  impu lse  e f f i c i e n c y  w i t h  
N m dec reas ing  Reynolds number. A t  Reynolds numbers 
m l e s s  than  1000, a l l  f o u r  nozz les  were p robab ly  
W f i l l e d  w i t h  a l a r g e  boundary l a y e r .  The d i scha rge  
I 
c o e f f i c i e n t  decreased w i t h  Reynolds number i n  t h e  
same manner as t h e  s p e c i f i c  impu lse  e f f l c l e n c y .  
The b e l l  and m o d i f i e d  t rumpet  nozz les  had d i scha rge  
c o e f f i c i e n t s  4 t o  8 pe rcen t  h i g h e r  than  those o f  
t h e  cone o r  t rumpet  nozz les .  The Two-Dimensional 
K i n e t i c s  (TDK) n o z z l e  a n a l y s i s  computer program 
was used t o  p r e d i c t  n o z z l e  performance. The 
r e s u l t s  were then  compared t o  t h e  exper imen ta l  
r e s u l t s  i n  o rde r  t o  de te rm ine  t h e  accuracy  o f  t h e  
program w i t h i n  t h i s  f l o w  regime. 
I n t r o d u c t i o n .  
Low Reynolds number nozz les  have l a r g e  f l o w  
boundary l a y e r s  and a s s o c i a t e d  v i scous  l osses  t h a t  
decrease t h e  per fo rmance o f  l o w - t h r u s t  e l e c t r o -  
thermal  p r o p u l s i o n  dev l ces .  T h r u s t  l osses  approach 
30 pe rcen t  i n  t h e  Reynolds number range t h a t  I s  
c h a r a c t e r i s t i c  o f  h igh-per fo rmance r e s l s t o j e t s  and 
a r c j e t s . 1  The one-dimensional  i s e n t r o p l c  expan- 
s i o n  a n a l y s i s  used f o r  e v a l u a t i n g  n o z z l e  p e r f o r -  
mance losses  g e n e r a l l y  agrees w i t h  exper imen ta l  
d a t a  w i t h i n  a few pe rcen t  f o r  h i g h  Reynolds number 
nozz les  (210 000).  Because o f  t h e  e f f e c t s  o f  l a r g e  
boundary l a y e r s  a t  l ow  Reynolds numbers, t h e  i s e n -  
t r o p i c  expans ion  a n a l y s i s  I s  no l onger  accu ra te .  
E a r l i e r  work i n  t h e  area  focused p r i m a r i l y  on 
c o n i c a l  nozz les  o f  v a r y i n g  h a l f - a n g l e s  and area  
r a t i o s .  I t  was shown t h a t  t h e  boundary l a y e r  and 
a s s o c i a t e d  v i scous  l osses  cause a decrease i n  
t h r u s t  c o e f f i c i e n t  w i t h  dec reas ing  Reynolds number. 
Three l o s s  mechanisms were i d e n t i f i e d .  a boundary- 
l a y e r  e f f e c t ,  a h e a t - t r a n s f e r  e f f e c t ,  and f l o w -  
d l ve rgence  losses .  The v i scous  l osses  a r e  u s u a l l y  
much l a r g e r  than  d i ve rgence  losses .  Low Reynolds 
number n o z z l e  f l o w  has an i n v i s c i d  c o r e  d i s p l a c e d  
f r o m  t h e  w a l l  by a v l scous  boundary l a y e r .  Flow 
v e l o c i t y  i n  b o t h  r e g i o n s  i s  expec ted  t o  be l e s s  
than  i d e a l  .2 
t h r o a t  Reynolds numbers l e s s  t h a n  1000 can reduce 
t h e  o v e r a l l  t h r u s t  power e f f i c i e n c y  t o  l e s s  than  
75 pe rcen t . )  
Viscous and d l ve rgence  losses  a t  
When heated  n o z z l e  f l o w  i s  e v a l -  
This piper i s  derlmnd a work of (he US. Government and is 
no1 subject lo copyriphl prolcrlion in (he United Slalrs. 
uated ,  r a d i a t i o n  and conduc t ion  l osses  can account  
f o r  10 t o  20 pe rcen t  o f  t h e  i n p u t  gas powcr.3 
I n  vacuum chambers, where t h e  amblen t  p r e s s u r e  i s  
s u f f i c i e n t l y  h igh ,  h e a t - t r a n s f e r  l osses  due t o  
c o n v e c t i o n  can a l s o  occur.4.5 Under t h e  cond i -  
t i o n s  o f  l a r g e  boundary l a y e r s  and v l scous  l osses ,  
t h e o r e t l c a l  a n a l y s i s  o f  n o z z l e  per fo rmance u s i n g  
t h e  assumpt ion  o f  one-dimensional  i s e n t r o p i c  
expans ion  i s  no l o n g e r  a c c u r a t e  and must be 
mod i f l ed . l . 2 .6  
NASA has i n i t i a t e d  i n -house  and c o n t r a c t e d  
e f f o r t s  t o  deve lop  a h igh-per fo rmance,  s t o r a b l e  
p r o p e l l a n t  r e s l s t o j e t .  The p o t e n t i a l  f o r  p e r f o r -  
mance g a i n  by m l n i m l z i n g  n o z z l e  l osses  has been 
l d e n t l f i e d  as an a rea  f o r  f u r t h e r  i n v e s t i g a t i o n .  
The purpose o f  t h e  work p resen ted  I n  t h i s  paper 
was t o  ex tend t h e  d a t a  base t o  i n c l u d e  nozz les  
w i t h  v a r y l n g  o u t l e t  geomet r ies  and t o  examine o n l y  
boundary - laye r  e f f e c t s  by u s i n g  unheated gas. 
Four nozz les  o f  v a r y i n g  d i v e r g e n t  s e c t i o n  
geomet r ies  - c o n i c a l .  b e l l ,  t rumpet ,  and m o d i f i e d  
t rumpet  - and a sharp-edged o r i f i c e  were t e s t e d  
w i t h  n i t r o g e n  and hydrogen over  t h e  Reynolds number 
range o f  500 t o  9000. 
Present  a n a l y t i c a l  methods used f o r  n o z z l e  
a n a l y s i s  have n o t  been v a l i d a t e d  a t  l ow  Reynolds 
numbers. The Two-Dimensional  K i n e t i c s  (TDK) n o z z l e  
a n a l y s i s  program was run ,  and i t s  r e s u l t s  were 
compared t o  t h e  exper imen ta l  da ta .  The TDK p r o -  
gram eva lua tes  two-d imens iona l  and v i scous  e f f e c t s  
on t h e  performance o f  l i q u i d  p r o p e l l a n t  exhaust  
nozz les .7  I t shou ld  be no ted  t h a t  TDK was w r i t t e n  
f o r  h i g h  Reynolds number f l o w  and has n o t  been 
v a l i d a t e d  i n  t h e  l ow  Reynolds number regime. The 
v e r s i o n  o f  TDK used f o r  t h i s  paper was v e r s i o n  2.4. 
December 1984. 
The TDK program c a l c u l a t e s  gas compos i t i on  i n  
t h e  n o z z l e  chamber and t h r o a t ,  assuming chemica l  
e q u i l i b r i u m .  By u s l n g  t h i s  I n f o r m a t i o n ,  t h e  p res -  
su re  p r o f i l e  w i t h i n  t h e  chamber and t h r o a t  a r e  
c a l c u l a t e d  f r o m  i s e n t r o p i c  f l o w  r e l a t i o n s .  Then, 
t h e  one-d imens iona l  n o n e q u i l i b r i u m  f l o w  r e l a t i o n s  
a r e  I n t e g r a t e d  f o r  t h e  f l o w  b e g i n n i n g  a t  t h e  con- 
v e r g i n g  s e c t i o n  o f  t h e  n o z z l e  and end ing  a t  an 
a x i a l  s t a t i o n  l o c a t e d  beyond t h e  t h r o a t  p lane .  
Dur ing  t h i s  c a l c u l a t i o n ,  t h e  program i s  i n s t r u c t e d  
t o  assume f r o z e n  chemica l  compos i t i on .  The r e s u l t s  
ob ta ined  i n  t h e  t h r o a t  s e c t i o n  a r e  t h e n  used t o  
e s t i m a t e  two-d imens iona l  e f f e c t s  i n  t h e  t r a n s o n i c  
r e g i o n  o f  t h e  n o z z l e  t h r o a t .  The purpose o f  t hese  
c a l c u l a t i o n s  i s  t o  approx imate  an  i n i t i a l  d a t a  
l i n e  ac ross  t h e  n o z z l e  t h r o a t  i n  o r d e r  t o  s t a r t  
t h e  m e t h o d - o f - c h a r a c t e r i s t i c s  c a l c u l a t i o n s .  The 
method o f  c h a r a c t e r l s t i c s  i s  used t o  de te rm lne  t h e  
p r o p e r t i e s  o f  t h e  f l o w  w i t h i n  t h e  d i v e r g e n t  n o z z l e  
1 
and the reby  c a l c u l a t e  t h e  l o s s  i n  n o z z l e  p e r f o r -  
mance caused by f l o w  d lvergence.  The f l o w  cond l -  
t l o n s  a l o n g  t h e  n o z z l e  w a l l ,  wh lch  a r e  c a l c u l a t e d  
i n  t h e  method o f  c h a r a c t e r i s t l c s ,  a r e  used t o  
p e r f o r m  a boundary- layer  a n a l y s i s .  
y s l s ,  t h e  decrement i n  performance due t o  v i scous  
e f f e c t s  i s  ob ta ined  and s u b t r a c t e d  f r o m  t h e  i n v i s -  
c i d  per fo rmance t o  o b t a i n  t h e  f l n a l  r e s u l t s .  
d imens iona l  i s e n t r o p i c  f l o w  r e l a t i o n s  i s  t h a t  i t  
cons lde rs  gas spec ies ,  d l ve rgence  losses ,  and 
v l scous  l osses .  Viscous l osses  a r e  de termined by 
c a l c u l a t i n g  a boundary- layer  d i sp lacemen t  t h i c k -  
ness, assumlng v i scous  e f f e c t s  a t  t h e  w a l l ,  and 
s u b t r a c t i n g  t h i s  per fo rmance l o s s  f r o m  t h e  l n v i s c l d  
c o r e  per fo rmance c a l c u l a t l o n .  
T h l s  paper p resen ts  s p e c i f l c  impu lse  e f f l c l e n -  
c i e s  and d i scha rge  c o e f f i c l e n t s  o f  t h e  f o u r  nozz les  
eva lua ted  over  a w ide  range o f  t h r o a t  Reynolds 
numbers. Exper lmen ta l  measurements and a n a l y t i c a l  
r e s u l t s  a r e  compared. 
Nozzles 
Four c o n v e r g i n g - d i v e r g i n g  nozz les  w l t h  d l f f e r -  
e n t  d l v e r g l n g  con tou rs  were t e s t e d  a l o n g  w l t h  a 
sharp-edged o r l f i c e .  Nozz le  1 was a 20" h a l f - a n g l e  
cone w i t h  an area  r a t i o  o f  12O:l and a t h r o a t  dlam- 
e t e r  o f  0.653 mm. Nozz le  2. a be l l - shaped  nozz le  
w l t h  a t h r o a t  d iamete r  o f  0.711 nun, and n o z z l e  3, 
a t rumpe t  w i t h  a t h r o a t  d iamete r  o f  0.671 mm, had 
area  r a t l o s  o f  150: l  and 125:1, r e s p e c t i v e l y .  
Nozz le  4 was a m o d i f i e d  t rumpet  shape - t h e  d i v e r -  
g l n g  s e c t i o n  near  t h e  t h r o a t  was a 15" h a l f - a n g l e  
cone t h a t  expanded I n t o  a t rumpe t  w i t h  a 135: l  
a rea  r a t i o  and a t h r o a t  d iamete r  o f  0.640 mm 
( F i g .  1 and Tab le  1 ) .  The o r i f i c e  was a f l a t  
p l a t e  w l t h  a sharp-edged 0.724-mm-diameter h o l e .  
Nozz le  i n t e r c h a n g e a b i l i t y  was s i m p l i f l e d  by 
u s l n g  a qu l ck -connec t  f l ange  assembly w i t h  a rubber  
o - r l n g  ( F i g .  2 ( a ) ) .  The nozz les  were s u p p l i e d  by 
Rocket Research C o r p o r a t i o n  i n  c o n j u n c t l o n  w l t h  an 
ongo ing  h igh-per fo rmance r e s l s t o j e t  c o n t r a c t .  
T h r u s t  Measurement 
From t h i s  ana l -  
The b e n e f i t  o f  u s i n g  TDK over  s lmp le  one- 
Apparatus 
T h r u s t  measurements were ob ta lned  u s i n g  a 
t h r u s t  s tand  capab le  o f  measur ing  t h r u s t  l e v e l s  as 
low as 2.9 mN. The t h r u s t  s tand  c o n s i s t e d  o f  a 
h o r l z o n t a l  mount ing  p l a t e  suppor ted  by a doub le  
s e t  o f  f o u r  f l e x u r e  p l a t e s  t h a t  a l l owed  mot ion  i n  
t h e  h o r i z o n t a l  d i r e c t i o n  ( F l g .  2 (a)  and ( b ) ) .  The 
f l e x u r e s  were des igned so t h a t  a sma l l  f o r c e  p ro -  
duced a l a r g e  d isp lacement .  T h i s  he lped reduce 
two ma jo r  thrust-measurement problems - the rma l  
d r l f t  and v i b r a t i o n .  The the rma l  expans ion  o f  t h e  
t h r u s t  s tand components was sma l l  compared t o  t h e  
movement o f  t h e  t h r u s t  s tand  f o r  l o w - t h r u s t  t e s t s ,  
and t h e  f l e x u r e s  had a l ow  resonant  f requency ,  
p r e v e n t i n g  any h lgh - f requency  v i b r a t i o n s  f r o m  
reach ing  t h e  t h r u s t e r  mount ing  p l a t e .  
f requency  v i b r a t i o n s  were removed by use o f  a mag- 
n e t i c  damper assembly. The damper c o n s i s t e d  o f  a 
permanent magnet p h y s i c a l l y  a t t a c h e d  t o  t h e  
t h r u s t e r  mount ing  p l a t e  and i n s e r t e d  i n t o  an 
annu la r  e lec t romagnet .  The o u t p u t  o f  t h e  e l e c t r o -  
magnet was dependent on t h e  movement o f  t h e  
t h r u s t e r  mount ing  p l a t e .  T h r u s t  p l a t e  movement 
was de tec ted  by m o n i t o r l n g  t h e  o u t p u t  o f  t h e  
l i n e a r  v a r i a b l e  d isp lacement  t ransducer  (LVDT). 
The low- 
When movement was de tec ted ,  t h e  LVDT o u t p u t  was 
a m p l i f i e d  and used t o  ene rg i ze  t h e  e lec t romagne t .  
A magnet lc  f l e l d  was produced wh ich  a p p l i e d  a f o r c e  
on t h e  permanent magnet opposing t h e  t h r u s t  p l a t e  
mot i on. 
Var ious  t h r u s t  ranges were measured by v a r y l n g  
t h e  s t i f f n e s s  o f  t h e  f l e x u r e s  and, i f  r e q u i r e d ,  
t h e  s t i f f n e s s  o f  t h e  p r o p e l l a n t  f eed  tube .  The 
feed tube,  a 3.2-mm-dlameter t h i n - w a l l e d  s t a i n l e s s  
s t e e l  tube, was b rough t  on to  t h e  t h r u s t  s tand  pe r -  
p e n d i c u l a r  t o  i t s  a x i s  o f  movement, t hus  a c t l n g  as 
an a d d i t i o n a l  f l e x u r e .  
C a l l b r a t l o n  was per fo rmed by add lng  known 
we igh ts  t o  a p u l l e y  assembly t h a t  d e f l e c t e d  t h e  
t h r u s t  s tand a g i v e n  amount. Th rus t  s tand  t a r e s  
were sma l l  and r e p r o d u c i b l e ,  and t h e  es t ima ted  
t h r u s t  measurement e r r o r  was l e s s  t h a n  5 p e r c e n t  
a t  low t h r u s t  ( ~ 6 6  mN) and l e s s  than  2 p e r c e n t  a t  
h i g h e r  t h r u s t  l e v e l s .  
Wlndage e f f e c t s ,  t h e  I n f l u e n c e  o f  c i r c u l a t i n g  
gases i n  t h e  t e s t  chamber on t h r u s t  measurement, 
were reduced t o  l e s s  than  0.1 mN by I n s t a l l a t i o n  
o f  a w l n d s h l e l d  between t h e  n o z z l e  and t h e  t h r u s t  
s tand body. These e f f e c t s  were measured by f l o w l n g  
gas th rough  an o r i f i c e  t h a t  was mounted c l o s e  t o ,  
b u t  n o t  a t t a c h e d  t o ,  t h e  h o r i z o n t a l  t h r u s t e r  mount- 
i n g  p l a t e ,  and check ing  f o r  any t h r u s t  p l a t e  
d e f l e c t i o n .  
Vacuum Chamber 
l h e  vacuum chamber used had a d iamete r  o f  
1 . 0  m and a l e n g t h  o f  2.0 m. A 30-cm p l p e  con- 
nec ted  t h e  chamber t o  a l x 1 0 5  l i t e r / m i n  l o b e  r o t a r y  
b lower  t h a t  was backed by a 2x104 l i t e r / m l n  rough 
pump. T p i c a 1  vacuum chamber p ressu res  v a r l e d  f r o m  
depending on t h e  t h r u s t  l e v e l  s e l e c t e d .  Tes ts  w i th  
low  Reynolds numbers (<2000) had vacuum chamber 
p ressu res  o f  l e s s  than  1.33 N/m2 (10-2  t o r r ) .  
Pressure  r a t i o s ,  n o z z l e  plenum p r e s s u r e  d i v l d e d  by 
vacuum chamber p ressu re ,  were k e p t  above l o 3  t o  
p reven t  t h e  p o s s i b i l l t y  o f  shock f o r m a t i o n  i n  t h e  
nozz le .8  A l l  measured t h r u s t  va lues  were c o r -  
r e c t e d  f o r  background p ressu re  wh ich  amounted t o  
l e s s  than  1 p e r c e n t  o f  t h e  measured t h r u s t .  
I n s t r u m e n t a t i o n  
1 . 0 6 ~ 1 0 -  Y t o  66.5 N/m2 ( E x ~ O - ~  t o 0.5 t o r r )  
Gas f l o w  was measured by u s i n g  l am lna r - f l ow ,  
heated- tube f l owmete rs  t h a t  a r e  t h e r m a l l y  s e n s l t i v e  
t o  f l o w  r a t e .  For a cons tan t  t ube  r e f e r e n c e  tem- 
p e r a t u r e ,  t h e  gas f l o w  r a t e  i s  p r o p o r t i o n a l  t o  t h e  
c u r r e n t  I n p u t  t o  t h e  tube .  The low  range. 0 t o  5 
s tandard  l i t e r / r n i n ,  f lowmeter  was c a l l b r a t e d  u s i n g  
a soap-bubble c a l l b r a t ~ r . ~  The h lgh- range,  0 t o  
50 s tandard  l i t e r / m i n ,  f lowmeter  was c a l i b r a t e d  by 
f i l l i n g  a known volume t o  a c e r t a i n  p ressu re  over  
a measured t i m e  increment .  E r r o r s  f o r  t h e  low- 
f l o w - r a t e  meter were l e s s  t h a n  1 pe rcen t ,  and, f o r  
t h e  h i g h - f l o w - r a t e  meter.  l e s s  t h a n  3 pe rcen t .  
d laphragm t ransducer .  The p r e s s u r e  t a p  was l o c a t e d  
approx ima te l y  12-mm upstream o f  t h e  n o z z l e  t h r o a t .  
The c a l l b r a t l o n  was checked b e f o r e  eve ry  t e s t ,  and 
e r r o r s  I n  measurement were l e s s  t h a n  1 p e r c e n t .  
Vacuum-chamber p ressu res  were measured w i t h  a c o l d  
ca thode- Ion  gauge; es t lma ted  measurement e r r o r s  
were t 2 0  pe rcen t  f o r  l ow  p ressu re  (<0.133 N/m2 
t o r r ) ) .  Temperatures were measured by a 
Pressures  were measured by a s t a i n l e s s  s t e e l  
2 
s t a g n a t l o n  probe w l t h  a chromel -a lumel  thermo- 
coup le  mounted I n  t h e  gas s t ream approx lma te l y  
1 2 - m  upstream o f  t h e  n o z z l e  t h r o a t ;  es t lma ted  
measurement e r r o r s  were l e s s  than  +-3 O C .  
Procedure 
The t e s t  m a t r i x  c o n s l s t e d  o f  t h r e e  v a r i a b l e s  - 
t h r o a t  Reynolds number, n o z z l e  con tou r ,  and p r o p e l -  
l a n t .  The Reynolds number I s  based on t h r o a t  
c o n d l t l o n s  and I s  equa l  t o  4 t lmes  t h e  mass- f low 
r a t e  d l v l d e d  by t h e  p roduc t  o f  n, v l s c o s l t y ,  and 
t h r o a t  d iamete r .  There were f o u r  nozz les  - a c o n l -  
c a l .  b e l l ,  t rumpet ,  and m o d l f l e d  t rumpe t  - and a 
sharp-edged o r l f l c e .  The p r o p e l l a n t s  used were 
unheated n l t r o g e n  and hydrogen. S ince  t h e  t e s t s  
were r u n  a t  cons tan t  c o n d l t l o n s ,  t h e  Reynolds 
number was v a r i e d  by chang lng  t h e  mass-f low r a t e .  
The Reynolds number range t e s t e d ,  500 t o  9000, 
spanned two t h r u s t  ranges. 2.8 t o  12 .0  mN and 12.0 
t o  60 mN. 
The t h r u s t  s tand was s e t  up f o r  one t h r u s t  
range, and a p r o p e l l a n t  was se lec ted .  The n o z z l e  
was a t t a c h e d  t o  t h e  t h r u s t  s tand assembly, I t s  
e x l t  was p lugged,  and t h e  f i t t i n g s  were checked 
f o r  l eaks .  A f t e r  e n s u r i n g  t h a t  t h e  system was 
l e a k  t l g h t ,  t h e  vacuum chamber was evacuated. A 
mass- f low r a t e  was s e t  w l t h  a t h r u s t  zero  taken  
b e f o r e  and a f t e r  each t h r u s t  measurement. T h r u s t  
measurements were recorded t w l c e  pe r  Reynolds 
number s e t  p o l n t  ( f l o w  r a t e ) .  Each n o z z l e  was r u n  
t h r e e  t l m e s  I n  random o r d e r  t o  a c c u r a t e l y  d e f t n e  
t h e  t h r u s t  measurement d e v l a t l o n s .  and a t h r u s t  
s tand  c a l l b r a t i o n  check was per fo rmed b e f o r e  and 
a f t e r  each n o z z l e  change. 
T h l s  p rocedure  was f o l l o w e d  f o r  b o t h  p r o p e l -  
l a n t s ,  over  b o t h  t h r u s t  ranges, and o r  a l l  noz- 
z l e s .  The q u a n t l t l e s  recorded were h r u s t ,  I n l e t  
gas p ressu re ,  I n l e t  gas tempera ture ,  t e s t  c e l l  
p ressure ,  and mass- f low r a t e .  Thrus was c o r -  
r e c t e d  f o r  t e s t  c e l l  p ressu re  u s l n g  
where Fc I s  t h e  c o r r e c t e d  t h r u s t ,  Fm 1 s  t h e  
measured t h r u s t ,  Pa i s  t h e  ambient t e s t  c e l l  
p ressu re ,  and A, i s  t h e  n o z z l e  e x l t  a rea .  
Th rus t  c o r r e c t l o n s  were l e s s  t h a n  1 pe rcen t  over  
t h e  e n t i r e  range. 
The s p e c l f l c  impu lse  and t h r u s t  c o e f f l c l e n t  
were de termined u s l n g  F c .  S p e c i f i c  Impu lse  
e f f l c l e n c y  NISP l s  t h e  r a t l o  o f  a c t u a l  s p e c l f l c  
impu lse  ( c a l c u l a t e d  f r o m  measured t h r u s t  and mass- 
f l o w  measurements) t o  t h e o r e t i c a l  maximum s p e c l f l c  
Impu lse .  T h e o r e t l c a l  maximum va lues  o f  s p e c l f l c  
Impu lse  a t  room tempera ture  f o r  hydrogen and n l t r o -  
gen a r e  300 and 78 sec. r e s p e c t l v e l y .  The s p e c l f l c  
Impu lse  e f f l c l e n c y  measures t h e  e x t e n t  o f  t h e  
v e l o c i t y  l osses  due t o  n o z z l e  v l scous  and d l v e r g e n t  
e f f e c t s .  The d l scha rge  c o e f f l c l e n t  C D  I s  t h e  
r a t l o  o f  measured mass-f low r a t e  t o  t h e o r e t i c a l  
maxlmum mass - f l ow  r a t e .  For  s o n l c  c o n d l t l o n s  a t  
t h e  n o z z l e  t h r o a t ,  C D  I s  dependent on t h e  
t h r o a t  boundary - laye r  t h l c k n e s s .  The d i scha rge  
c o e f f l c l e n t  l s  t h e r e f o r e  a measure o f  t h e  l o s s  of 
mass- f low due t o  v l scous  e f f e c t s  f r o m  t h e  n o z z l e  
t h r o a t  r e g l o n .  For a hydrogen o r  n l t r o g e n  p r o p e l -  
l a n t  a t  room tempera ture ,  t h e  t h r u s t  c o e f f l c l e n t  
can be expressed as 
f o r  n o z z l e  a rea  r a t i o s  between 100 and 200.6 
Fur thermore ,  f o r  an o r l f l c e  p l a t e ,  Eq. ( 2 )  a l s o  
a p p l i e s .  V a r l a t l o n s  I n  t h e  t h r u s t  c o e f f l c l e n t  can 
be r e a d l l y  ob ta lned  f r o m  f i g u r e s  d l s p l a y l n g  
and CD as a f u n c t i o n  o f  Reynolds number ( F l g s .  3 
t o  6 ) .  
The assumptions used f o r  t h e  TDK a n a l y s i s  a r e  
( 1 )  There I s  f r o z e n  chemlca l  compos i t i on .  
( 2 )  There I s  no l o s s  o f  mass f r o m  t h e  system. 
( 3 )  Each component o f  t h e  gas 1 s  a p e r f e c t  gas. 
( 4 )  The f l o w  I s  a x l s y m e t r l c  ( I n  t h e  n o z z l e  t h r o a t  
r e g l o n  t h e  f l o w  i s  dependent on t h e  l o c a l  w a l l  
geometry o n l y ) .  
( 5 )  There a r e  w a l l  v l scous  e f f e c t s .  
( 6 )  Core f l o w  c a l c u l a t i o n s  a r e  per fo rmed assumlng 
l n v l s c l d ,  compress lb le  gas.7 
NISP 
D lscuss lon  o f  Resu l t s  
The ma jo r  l o s s  mechanlsm I n  l ow  Reynolds num- 
b e r  nozz les  t s  v l scous  f l o w  l o s s  a s s o c i a t e d  w i t h  
t h e  f l o w  boundary l a y e r ,  wh lch  occup les  a l a r g e  
volume I n s i d e  t h e  nozz le .  Data e x p l o r l n g  these  
losses  a r e  l l m l t e d ,  p a r t l c u l a r l y  I n  cases o f  noz- 
z l e s  w l t h  d l f f e r e n t  d i v e r g e n t  con tou rs .  
t h e  p a s t  work was per fo rmed w l t h  heated  gas, wh lch  
can I n t r o d u c e  an a d d l t l o n a l  h e a t - t r a n s f e r  l o s s  
mechanlsm. The heated-gas t e s t s  r e p r e s e n t  a more 
accu ra te  comparlson w l t h  a c t u a l  l o w - t h r u s t ,  h lgh -  
performance r e s l s t o j e t s  and a r c j e t s ,  b u t  t o  under-  
s tand t h e  l o s s  mechanlsms i n v o l v e d  each e f f e c t  
must be separa ted .  
t e s t s  a r e  t h e  t h r u s t  c o e f f l c l e n t  CF, t h e  d l s -  
charge c o e f f l c l e n t  
e f f l c l e n c y  NISP. F i g u r e s  3 and 4 d l s p l a y  t h e  
a n a l y t l c a l  and exper lmen ta l  va lues  o f  s p e c l f l c  
Impu lse  e f f l c l e n c y  f o r  an o r l f l c e  p l a t e  as w e l l  as 
f o r  conve rgen t -d i ve rgen t  nozz les .  The s p e c l f l c  
impu lse  e f f l c l e n c y  decreases w i t h  dec reas lng  
Reynolds number f o r  a l l  f o u r  n o z z l e  con tou rs  and 
t h e  o r l f l c e .  I n  t h e  Reynolds number range o f  500 
t o  9000, NISP f o r  n l t r o g e n  ranged f r o m  80 t o  90 
pe rcen t ,  whereas f o r  hydrogen I t  ranged f r o m  70 t o  
90 pe rcen t .  A l l  o f  t h e  nozz les  gave t h e  same p e r -  
formance w l t h l n  exper lmen ta l  e r r o r .  I t  shou ld  be 
k e p t  l n  mlnd t h a t  t h e  v a r l a t l o n  o f  n o z z l e  a rea  
r a t l o s  (120: l  t o  150:l) a f f e c t s  n o z z l e  e f f l c l e n c y .  
However, I t  has been shown p r e v l o u s l y  t h a t  t h e  
v a r l a t l o n  I n  s p e c l f l c  Impu lse  e f f l c l e n c y  w l t h  a rea  
r a t l o  amounted t o  o n l y  4 p e r c e n t  f o r  a rea  r a t i o s  
between 1OO:l and 200:l a t  l ow  (500) Reynolds num- 
be rs .  As t h e  a rea  r a t l o  Increased,  t h e  e f f l c l e n c y  
decreased .l 
t h e  v a r l a t l o n  l n  NIS~ f o r  t h e  nozz les  was o n l y  
2 pe rcen t .  A l though  t h e  nozz les  per fo rmed t h e  
same w l t h l n  exper lmen ta l  e r r o r  ( 5  p e r c e n t ) ,  i t  
shou ld  be p o i n t e d  o u t  t h a t  a 5 -percent  I n c r e a s e  
I n  NISP would g l v e  a 10-percent  I n c r e a s e  l n  
t h r u s t  power. Thus, a lower  I n p u t  e l e c t r i c  power 
would be r e q u l r e d  f o r  a g l v e n  t a r g e t  s p e c l f l c  
Impulse, o r  an l nc reased  t h r u s t  l e v e l  c o u l d  be 
used. 
Host  of  
The parameters o f  I n t e r e s t  f o r  unheated f l o w  
C D ,  and t h e  s p e c l f l c  Impu lse  
A t  h l g h e r  Reynolds numbers (4000). 
The d l f f e r e n c e  I n  NISP f o r  t h e  two gases I s  
more pronounced t h a n  t h e  d l f f e r e n c e  I n  NISP f o r  
t h e  v a r l o u s  n o z z l e  con tou rs .  Below Reynolds num- 
be rs  of  4000, n i t r o g e n  shows a h l g h e r  NISP t h a n  
hydrogen. whereas a t  h l g h  Reynolds numbers N ~ s p  
I s  approx lma te l y  0.88 f o r  b o t h  gases. The maximum 
d l f f e r e n c e  a t  a Reynolds number o f  500 1 s  between 
5 and 12 percentage p o i n t s  dependlng on n o z z l e  
3 
c o n f i g u r a t i o n .  A t  a Reynolds number o f  500. t h e  
g r e a t e s t  d i s p a r i t y  between t h e  s p e c i f i c  impu lse  
e f f i c i e n c y  o f  hydrogen and n i t r o g e n  was observed 
w i t h  t h e  t rumpet  nozz le .  
Murch 's  d a t a l  f o r  heated  n i t r o g e n  and hydrogen 
e x h i b l t e d  an N ~ s p  d i f f e r e n c e  o f  6 pe rcen t ,  wh ich  
i s  about  t h e  same observed i n  F i g s .  3 and 4 w i t h  a 
c o n i c a l  nozz le .  The v i scous  f l o w  model o f  Edwards 
and Jansson2 I n d i c a t e s  v e r y  l i t t l e  d i f f e r e n c e  i n  
NISP f o r  hydrogen and ammonia f o r  Reynolds numbers 
between 200 and 10  000, i n d i c a t l n g  a need f o r  more 
s o p h i s t i c a t e d  f l o w  models.  Comparlng t h e  d i f f e r e n t  
s p e c i f i c  impu lse  e f f i c i e n c i e s  f o r  t h e  o r l f l c e  shows 
t h a t ,  w i t h i n  exper imen ta l  e r r o r ,  t h e  performance o f  
n l t r o g e n  and hydrogen I s  t h e  same. A t  a Reynolds 
number o f  500, NISP f o r  n i t r o g e n  i s  54 pe rcen t  
and f o r  hydrogen, 57 pe rcen t .  A t  Reynolds numbers 
approach ing  8000, t h e  s p e c i f i c  impu lse  e f f i c l e n c y  
f o r  n l t r o g e n  i s  66 p e r c e n t  and f o r  hydrogen, 68 
p e r c e n t .  S l g n l f i c a n t  v a r i a t i o n  i n  NISP between 
n i t r o g e n  and hydrogen o n l y  occurs  when t h e  gases 
a r e  expanded o u t  o f  t h e  nozz le .  E v l d e n t l y  t h e  
hydrogen nozz les  a t  l o w  Reynolds numbers have a 
t h i c k e r  boundary l a y e r  t h a n  n i t r o g e n  nozz les ,  o r  
( p o s s i b l y )  t h e r e  I s  condensat ion  o f  t h e  n l t r o g e n  
as i t  expands o u t  o f  t h e  nozz le .  
c o e f f i c i e n t  ( h e a t s  upon expans ion)  i n  t h i s  
tempera ture-pressure  range as compared t o  n l t r o g e n ,  
b u t  t h e  e f f e c t  I s  t o o  sma l l  t o  account  f o r  any 
NISP v a r l a t l o n s .  I t  I s  p o s s i b l e  t h a t  a Reynolds 
number based on t h e  p h y s l c a l  t h r o a t  d lamete r  i s  n o t  
t h e  a p p r o p r i a t e  c o r r e l a t l o n  parameter.  
Hydrogen does have a n e g a t i v e  Joule-Thompson 
F igu res  5 and 6 compare d i scha rge  c o e f f i c i e n t s  
C D  f o r  b o t h  gases and a l l  f o u r  nozz les .  A s  can be 
seen, t h e  b e l l  and m o d l f l e d  t rumpet  nozz les  have 
h l g h e r  d i s c h a r g e  c o e f f l c l e n t s  than  t h e  c o n i c a l  and 
t rumpet  nozz les  ( t h r o a t  measurements a r e  accu ra te  
t o  w i t h l n  3 p e r c e n t ) .  The d l f f e r e n c e  i s  a p p r o x i -  
ma te l y  4 p e r c e n t  a t  a Reynolds number o f  8000 and 
8 p e r c e n t  a t  a Reynolds number o f  500. S ince  t h e  
d l scha rge  c o e f f i c i e n t  I s  a measure o f  t h e  mass- f low 
r a t e  decrease due t o  t h r o a t  boundary- layer  v lscous  
e f f e c t s ,  i t  appears as though t h e  boundary l a y e r  
I s  t h i n n e r  f o r  t h e  b e l l  and m o d i f i e d  t rumpet  noz- 
z l e s .  For a g i v e n  nozz le ,  t h e  d i scha rge  c o e f f i -  
c i e n t s  produced by hydrogen and n i t r o g e n  va ry  by 
no more than  2 o r  3 pe rcen t .  
Back has found t h a t  t h e  d i scha rge  c o e f f i c i e n t  
depends e s s e n t i a l l y  on t h e  r a t i o  o f  n o z z l e - t h r o a t  
r a d i u s  o f  c u r v a t u r e  t o  n o z z l e - t h r o a t  r a d i u s  
r c / r t h  and i s  independent o f  i n l e t  c o n f i g u r a t i o n  
( convergen t  c o n t o u r ) .  A s  t h e  r a t l o  r c / r t h  
decreases, C D  decreases .lo*ll A1 though these  
r e s u l t s  a r e  f o r  h i g h e r  Reynolds number ranges, t h e  
same t rends  a r e  seen a t  t h e  lower  Reynolds numbers, 
w l t h  t h e  b e l l  and m o d i f i e d  t rumpe t  nozz les  hav ing  
t h e  h i g h e s t  r a t i o  o f  r c / r t h  and, co r respond lng ly ,  
t h e  h l g h e s t  d i scha rge  c o e f f l c l e n t s .  M a s s i e r l 2  has 
found no e f f e c t  o f  plenum l e n g t h  (g rowth  o f  bound- 
a r y  l a  e r  i n  plenum) on t h e  d l scha rge  c o e f f l c i e n t .  
Rothel! has found t h a t ,  f o r  p ressu re  r a t i o s  (gas 
p ressu re  a t  n o z z l e  i n l e t  t o  t e s t  c e l l  p ressu re )  
g r e a t e r  t han  approx ima te l y  350 f o r  a Reynolds num- 
be r  o f  500, t h e  t e s t  c e l l  p r e s s u r e  i n f l u e n c i n g  t h e  
i n t e r n a l  f l o w  th rough  t h e  t h i c k  subsonlc boundary 
l a y e r  has no e f f e c t  on t h e  d i scha rge  c o e f f l c l e n t .  
A l l  t e s t s  were r u n  w i t h  t h i s  p ressu re  r a t i o  g r e a t e r  
than l o 4 .  
A l l  f o u r  nozz les  had t h e  same i n l e t  r a d i u s  o f  
c u r v a t u r e  ( 1  mm), b u t  t h e i r  o u t l e t  r a d i i  v a r i e d  
f r o m  0.3 t o  12 mm, w i t h  t h e  b e l l  n o z z l e  hav ing  t h e  
s m a l l e s t  va lue .  The nozz les  had t h r o a t  l e n g t h - t o -  
d iamete r  r a t i o s  between 0.4 and 1.1, w i t h  t h e  modi- 
f l e d  t rumpet  hav ing  t h e  s m a l l e s t  v a l u e  and thus  
more c l o s e l y  app rox lma t lng  a sharp-edged o r i f i c e  
i n l e t .  The o r i f i c e ,  wh ich  had a d i s c h a r g e  c o e f f i -  
c l e n t  equa l  t o  o r  g r e a t e r  t h a n  t h e  b e s t  nozz le ,  
had no I n l e t  o r  o u t l e t  r a d i u s  o f  c u r v a t u r e  
( s t r a i g h t - t h r o u g h  o r i f l c e )  and had a t h r o a t  l e n g t h -  
t o -d iamete r  r a t i o  o f  0.6 . I t  i s  I n t e r e s t i n g  t o  
n o t e  t h a t  t h e  o r l f l c e  was des igned w i t h  no conver -  
gen t  s e c t i o n  and i t s  d i scha rge  c o e f f i c l e n t  i s  
app rox ima te l y  t h e  same as, o r  b e t t e r  than,  t h e  
nozz les .  An upstream convergent  s e c t i o n  i s  n o t  
r e q u i r e d  t o  p r o v i d e  a h i g h  d l scha rge  c o e f f i c l e n t  
f o r  a choked o r i f i c e .  Rae14 p r e d l c t e d  t h l s  f a c t  
a n a l y t i c a l l y  by u s i n g  t h e  s lender  channel  equa t ions  
w i t h  s l l p  boundary c o n d l t i o n s  a t  t h e  w a l l .  I t  
appears t h a t  Back ' s  f i n d l n g s  o f  t h e  d l scha rge  
c o e f f i c i e n t  depending on r c / r t h  do ex tend 
i n t o  t h e  l ow  Reynolds number range.10.11 
be assumed t h a t  t h e  t h r o a t  boundary l a y e r  i s  
a f f e c t e d  by r c / r t h ,  where a s m a l l e r  i n l e t  r a d i u s  
( f o r  a g i v e n  t h r o a t  r a d i u s )  causes t h e  f o r m a t i o n  
o f  a l a r g e r  t h r o a t  boundary l a y e r .  As t h e  t h r o a t  
boundary l a y e r  i nc reases ,  t h e  r a t i o  o f  mass f l o w  
th rough  t h e  I n v i s c i d  c o r e  t o  t h e  mass f l o w  th rough  
t h e  boundary l a y e r  decreases caus ing  a decrease i n  
t h e  average t h r o a t  e x i t - g a s  v e l o c i t y .  
Tab le  2 summarizes t h e  b a s l c  parameters  CD, 
NISP, and C F  f o r  a l l  nozz les  and t h e  o r i f i c e  p l a t e  
a t  a t h r o a t  Reynolds number o f  1000. Nozz le  
d i scha rge  c o e f f l c l e n t s  a r e  c l e a r l y  independent  o f  
t h e  gases t e s t e d .  A t  a Reynolds number o f  1000. 
t h e  h i g h e s t  n o z z l e  t h r u s t  c o e f f i c i e n t  o b t a l n e d  was 
1.33 and t h e  l owes t  was 1.14. Almost a l l  t h r u s t  
c o e f f l c l e n t s  measured a t  t h l s  Reynolds number were 
l e s s  t h a n  t h e  t h r u s t  c o e f f l c l e n t  c a l c u l a t e d  f o r  
i s e n t r o p i c  f l o w  th rough  a choked o r l f l c e  ( C F  = 
1.27).  Th i s  a p p a r e n t l y  i n d i c a t e s  t h a t  a l l  nozz les  
were f i l l e d  w i t h  a l a r g e  boundary l a y e r .  The 
va lues  o f  C F  f o r  t h e  o r i f i c e  p l a t e  a t  a Reynolds 
number o f  1000, 0.94 t o  0.97, i n d l c a t e  a s i g n i f i -  
can t  d e p a r t u r e  f rom i n v i s c i d  f l o w .  W i t h  n i t r o g e n  
p r o p e l l a n t ,  t h e  v a r l a t i o n  I n  t h e  n o z z l e  t h r u s t  
c o e f f i c l e n t  f o r  t h e  f o u r  d i f f e r e n t  n o z z l e  c o n f l g u r -  
a t i o n s  was w i t h i n  t h e  exper imen ta l  u n c e r t a i n t y  
(k2 .5  p e r c e n t ) .  
I t  can 
The r e s u l t s  o f  t h e  Two-Dimensional K i n e t i c s  
(TDK) n o z z l e  a n a l y s i s  can be seen i n  F i g s .  3 and 4. 
Numerous problems were encountered  d u r i n g  a t tempts  
t o  ana lyze  l ow  Reynolds number nozz les  w l t h  a p r o -  
gram t h a t  was w r i t t e n  f o r  h i g h - t h r u s t ,  h l g h  
Reynolds number nozz les .  The most s e r i o u s  prob lem 
appeared t o  be t h a t  t h e  a n a l y s l s  would n o t  always 
converge t o  a Mach number o f  u n l t y  a t  t h e  t h r o a t .  
When r u n n i n g  p r o p e r l y ,  t h e  d l scha rge  c o e f f l c l e n t s  
c a l c u l a t e d  were 0.95 o r  g r e a t e r ,  whereas t h e  
exper imen ta l  da ta  showed t h a t  t h e  a c t u a l  Cg 
v a r l e d  f rom 0.83 t o  1.0. The c a l c u l a t e d  d l scha rge  
c o e f f i c i e n t  depar ted  f rom exper imen ta l  r e s u l t s  a t  
Reynolds numbers below approx ima te l y  4000. I t  can 
be assumed t h a t ,  a t  t h i s  p o l n t ,  t h e  TDK method o f  
s u b t r a c t i n g  boundary - laye r  e f f e c t s  f r o m  t h e  i n v l s -  
c i d  c o r e  I s  n o ' l o n g e r  v a l i d .  
For  t h e  c o n i c a l  nozz le ,  t h e  s p e c i f i c  impu lse  
e f f i c l e n c y  was p r e d l c t e d  f a i r l y  w e l l  t o  a Reynolds 
number o f  3000, a f t e r  wh ich  s u b s t a n t l a l  d e p a r t u r e  
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f r o m  t h e  exper imen ta l  d a t a  r e s u l t e d .  I t  shou ld  be 
no ted  t h a t  t h l s  i s  t h e  approx imate  l o c a t l o n  where 
t h e  c a l c u l a t e d  d tscharge  c o e f f i c l e n t  began t o  
d e v i a t e  f r o m  t h e  exper imen ta l  r e s u l t s .  Resu l t s  
f o r  t h e  be l l - shaped  n o z z l e  were i n a c c u r a t e  a t  eve ry  
p o i n t .  For  t h e  s i n g l e  p o l n t  t h a t  was a b l e  t o  be 
r u n  f o r  t h e  m o d i f i e d  t rumpe t  nozz le ,  t h e  r e s u l t s  
were as accu ra te  as i n  t h e  c o n i c a l  case. No a n a l -  
y s i s  was p o s s i b l e  f o r  t h e  t rumpet  n o z z l e  as t h e  
t h r o a t  Mach number would n o t  converge t o  u n i t y .  
The program d i d  p r e d i c t  l a r g e  d isp lacement  
th i cknesses  a t  t h e  n o z z l e  e x i t  ( F i g .  7 ) .  The d i s -  
p lacement t h i c k n e s s  I s  t h e  d i s t a n c e  by wh lch  t h e  
s o l i d  s u r f a c e  would have t o  be d l s p l a c e d  t o  maln- 
t a i n  t h e  same mass- f low r a t e  as t h a t  o f  a f r l c t i o n -  
l e s s  f l o w .  A t  a Reynolds number o f  4000. t h e  
d isp lacement  t h i c k n e s s  was about  40 p e r c e n t  o f  t h e  
e x i t  p lane  area  f o r  t h e  c o n i c a l  nozz le .  37 pe rcen t  
f o r  t h e  b e l l ,  and 67 p e r c e n t  f o r  t h e  m o d i f i e d  t rum- 
p e t .  The va lues  o f  t h r u s t  c o e f f i c i e n t  ob ta lned  
f o r  t h e  c o n i c a l .  b e l l ,  and m o d i f i e d  t rumpet  nozz les  
a t  a Reynolds number o f  4000 were 1.41, 1.48. and 
1.48, r e s p e c t l v e l y .  The c a l c u l a t e d  va lues  o f  C F  
a r e  a l l  l a r g e  enough t o  i n d i c a t e  t h e  e x l s t e n c e  o f  
an i n v i s c l d  core ,  b u t  t h e  exper imen ta l  d a t a  a r e  
n o t  c o n s i s t e n t  w l t h  t h e  TDK r e s u l t s .  The TOK code 
needs re f i nemen ts  i n  c a l c u l a t l n g  t h e  son ic  cond i -  
t i o n s  a t  t h e  t h r o a t  f o r  t h e  l ow  Reynolds numbers. 
The method o f  s u b t r a c t i n g  t h e  boundary - laye r  v l s -  
cous e f f e c t s  f r o m  t h e  i n v i s c i d  c o r e  performance 
must a l s o  be r e f i n e d .  
Conc lud ing  Rem- 
Four nozz les  ( a  c o n i c a l ,  b e l l ,  t r umpe t ,  and 
m o d i f i e d  t rumpe t )  and a sharp-edged o r i f i c e  were 
eva lua ted  over  a Reynolds number range o f  500 t o  
9000 w i t h  unheated n i t r o g e n  and hydrogen. The 
boundary - laye r  v i scous  l osses  were examined I n  
b o t h  t h e  d i v e r g e n t  s e c t l o n  and t h r o a t  s e c t i o n  o f  
t h e  nozz les .  The nozz les  showed s l g n t f ' t c a n t  
decreases I n  s p e c i f i c  impu lse  e f f i c i e n c y  w i t h  
dec reas ing  Reynolds number. We conc lude t h a t  
changes i n  t h e  d l v e r g e n t  con tou r  do n o t  e f f e c t  t h e  
v l scous  and d i v e r g e n t  l osses  t o  any a p p r e c i a b l e  
e x t e n t .  A t  Reynolds numbers l e s s  than  1000, a l l  
f o u r  nozz les  were p robab ly  f i l l e d  w i t h  a l a r g e  
boundary l a y e r .  
There appears t o  be an e f f e c t  o f  gas spec ies  
on t h e  v l scous  and d i v e r g e n t  l osses  w l t h  Reynolds 
number. A t  a Reynolds number o f  500, n i t r o g e n  
per fo rms approx lma te l y  5 t o  12 pe rcen t  b e t t e r  t han  
hydrogen, depending on n o z z l e  c o n f i g u r a t l o n .  A t  
t h e  h i g h e r  Reynolds numbers (>4000). t h e  d i f f e r e n c e  
i s  w i t h i n  3 p e r c e n t .  The d i f f e r e n c e  i n  s p e c i f i c  
Impu lse  e f f i c l e n c y  does n o t  appear when t e s t i n g  t h e  
o r i f i c e .  T h i s  d i f f e r e n c e  i s  r e l a t e d  t o  t h e  expan- 
s l o n  process  t a k i n g  p l a c e  i n  t h e  d l v e r g e n t  p o r t i o n  
o f  t h e  nozz les .  
The d i s c h a r g e  c o e f f i c i e n t  decreases w l t h  
Reynolds number I n  t h e  same manner as t h e  s p e c l f i c  
impu lse  e f f i c l e n c y ,  b u t  t h e  gas spec ies  has ve ry  
l i t t l e  e f f e c t  on t h e  d l scha rge  c o e f f i c l e n t .  The 
b e l l  and m o d i f i e d  t rumpet  nozz les ,  w i t h  h l g h e r  
r a t i o s  o f  i n l e t  r a d i u s  o f  c u r v a t u r e  t o  t h r o a t  
r a d l u s ,  have 4 t o  8 p e r c e n t  h i g h e r  d i scha rge  coe f -  
f i c i e n t s  than  t h e  cone o r  t rumpet  nozz les .  
A comparison o f  t h e  exper imen ta l  r e s u l t s  t o  
t h e  Two-Dimensional K l n e t l c s  (TDK) n o z z l e  a n a l y s i s  
p r e d i c t e d  r e s u l t s  i n d i c a t e s  t h a t  b e t t e r  p r e d i c t i o n s  
f o r  t h e  d i scha rge  c o e f f i c i e n t  a r e  needed a l o n g  
w i t h  re f i nemen ts  i n  c a l c u l a t i n g  t h e  son ic  cond i -  
t l o n s  i n  t h e  n o z z l e  t h r o a t  f o r  Reynolds numbers 
be low approx ima te l y  4000. The I n c o r p o r a t i o n  o f  
v i scous  e f f e c t s  by s u b t r a c t l n g  t h e  boundary- layer  
v i scous  l osses  f r o m  t h e  I n v i s c l d  c o r e  performance 
c a l c u l a t i o n s  I s  l n s u f f l c l e n t  t o  account  f o r  t h e  
l a r g e  v i scous  l osses  a t  t h e  l ow  Reynolds numbers. 
A more adequate method o f  accoun t ing  f o r  v l scous  
l osses  i s  needed. 
A l though  t h e  d i v e r g e n t  s e c t i o n  geometry has 
l i t t l e  e f f e c t  on t h e  s p e c i f i c  impu lse  e f f i c i e n c y .  
a 5 -percent  i n c r e a s e  would p r o v i d e  a 10-percent  
i n c r e a s e  I n  t h r u s t  power p e r  t h r u s t e r .  
amount t o  a s u b s t a n l a l  payback f o r  a s a t e l l l t e  
system composed o f  numerous t h r u s t e r s .  
l h e  knee o f  t h e  s p e c l f i c  Impu lse  e f f i c i e n c y  
c u r v e  f a l l s  i n  t h e  r e g l o n  t h a t  i s  r e p r e s e n t a t i v e  
o f  t h e  Reynolds number reg ime i n  wh lch  h lgh -  
per fo rmance e l e c t r o t h e r m a l  t h r u s t e r s  ope ra te .  
Th ls  r e g i o n  i s  i m p o r t a n t  f o r  two reasons. S a t e l -  
l i t e  systems opera te  i n  a blowdown mode where t h e  
p r o p e l l a n t  f l o w  r a t e  decreases w l t h  use. Conse- 
q u e n t l y ,  as t h e  s a t e l l i t e  ages I t s  per fo rmance w i l l  
decrease ( f o l l o w l n g  t h e  s p e c i f i c  Impu lse  e f f l -  
c i e n c y  cu rve ) .  There i s  a l s o  a t r a d e  o f f  ( f o r  a 
g i v e n  f l o w  r a t e )  between s p e c i f i c  Impu lse  e f f i -  
c i ency  and t h r u s t e r  chamber h igh - tempera tu re  
c reep.  Large nozz les  ( l a r g e  t h r o a t  d iamete rs )  
decrease t h e  t h r u s t e r  o p e r a t i n g  p ressu re ,  t hus  
dec reas ing  t h e  c reep problems o f  h igh - tempera tu re  
m a t e r i a l s .  However, t h e r e  I s  a co r respond tng  
decrease i n  Reynolds number and, t h e r e f o r e ,  a 
decrease i n  s p e c l f i c  Impu lse  e f f i c l e n c y .  
Reynolds number regime t o  a l d  i n  e v a l u a t i n g  t h e  
above t r a d e o f f s  f r o m  a systems s t a n d p o l n t .  
T h l s  would 
More a n a l y t i c a l  work needs t o  be done l n  t h i s  
U n o w l  edsmen t 
The au tho rs  g r a t e f u l l y  acknowledge t h e  work 
done by Thomas W. Haag o f  NASA Lewis Research 
Center I n  deve lop lng  t h e  t h r u s t  s tand used i n  t h l s  
i n v e s t i g a t i o n .  
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TABLE 2. - NOZZLE CHARAClERISTICS AT A REYNOLDS NUMBER 
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